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Direct measurements of the adiabatic temperature change (DTAD) of Ni50Mn35In14.5B0.5 have been
done using an adiabatic magnetocalorimeter in a temperature range of 250–350 K, and with
magnetic field changes up to DH ¼ 1.8 T. The initial susceptibility in the low magnetic field region
drastically increases with temperature starting at about 300 K. Magnetocaloric effects parameters,
adiabatic temperature changes, and magnetic entropy changes were found to be a linear function of
H2/3 in the vicinity of the second order transitions (SOT), whereas the first order transitions do not
obey the H2/3 law due to the discontinuity of the transition. The relative cooling power based on the
adiabatic temperature change for a magnetic field change of 1.8 T has been estimated. Maximum
values of DTAD ¼ 2.6 K and 1.7 K were observed at the magnetostructural transition (MST)
and SOT for DH ¼ 1.8 T, respectively. The observed DTAD at the MST exceeds the DTAD for
Ni50Mn35In14X with X ¼ In, Al, and Ge by more than 20% and is larger than the Gd based Heusler
alloys. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4979475]

I. INTRODUCTION

Magnetic materials are an important component of
energy application development. Due to the continuous evolution of this field, new classes of magnetic materials are being
discovered that have led to the emergence of new technologies, i.e., magnetic refrigeration.1,2 The off-stoichiometric
Ni-Mn-In Heusler systems have been drawing interest due to
their temperature-induced magnetostructural phase transitions
that can produce large changes in magnetization and in related
properties like giant normal and inverse magnetocaloric
effects (MCE),3–5 giant magnetoresistance,6 Hall effects,7 and
magnetic shape memory effects.8 Identifying the connection
between these properties and their relationships to phase transition will help in better understanding the origins of magnetostructural transitions (MST), and to develop new materials
for multifunctional applications.
It has been shown that the phase transitions of Ni-Mn-In
based alloys with an In-concentration near 15% are extremely
sensitive to small variations in composition.9,10 It was
reported that the temperature of the phase transitions and the
magnetic state of the martensitic phases in Ni50Mn50-xInx can
be controlled through changing the Mn/In ratio and therefore
changing the conduction electron concentration (e/A ratio).11
Also, Gottschall et al. found the large reversible magnetocaloric effect in Co doped Ni-Mn-In alloys.12 Recently, it has
been shown that the temperature at the MST strongly depends
on the crystal cell volume and on the distortion in the local
atomic environment in Ni-Mn-In based alloys.13 Thus, their
magnetic and structural properties strongly depend on the
stoichiometry and chemical composition.14,15
It was found that the adiabatic temperature change at
the first-order structural phase transition temperature (TM) is
0021-8979/2017/121(13)/133901/4/$30.00

about DTAD ¼ 3 K for Ni50Mn34In16 and Ni50Mn34In14Ga2
for a magnetic field change of 5 T.16–18 Also, a DTAD of about
1 K has been observed for both the first order transitions
(FOT) and second order transitions (SOT) for a relativity small
magnetic field change of 1 T for Ni50Mn35In14X (X ¼ In, Al,
and Ge) alloys.19 Most studies on the off-stoichiometric
Ni50Mn35In15 Heusler alloys have been concentrated on determining the MCE parameters from isothermal magnetizations
measurements at high magnetic fields. Here, we try to discover
and study materials that show large field-induced adiabatic
temperature changes at first and second order transitions, and
at relatively low magnetic fields.
In this work, we have explored the influence of the isoelectronic substitution of B for In on the magnetic, thermal,
and magnetocaloric properties of Ni50Mn35In15 Heusler
alloys. We report the results of direct magnetocalorimetric
measurements of DTAD in the vicinity of the phase transitions
of Ni50Mn35In14.5B0.5 for applied magnetic field changes up
to 1.8 T.
II. EXPERIMENTAL TECHNIQUES

A 3 g polycrystalline ingot of Ni50Mn35In14.5B0.5 was prepared by conventional arc-melting in a high-purity argon atmosphere using 4 N purity Ni, Mn, and In elements. The ingot
was re-melted four times. For homogenization, the samples
were annealed at 850  C for 48 h in high vacuum (104 Torr)
and cooled at a rate of 4  C per minute to room temperature.
The crystal structure of the sample was studied using a room
temperature X-ray diffractometer (XRD) employing Cu-Ka
radiation. The magnetic and magnetocaloric properties were
measured using a Quantum Design superconducting quantum
interference device magnetometer (Quantum Design, Inc.) in a
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temperature range of 10 K to 400 K and in magnetic fields up
to 5 T. Differential scanning calorimetry (DSC) measurements were carried out employing a Perkin-Elmer DSC 8000
instrument (with a ramp rate of 20 K/min during heating and
cooling) in the temperature range of 123–473 K. Direct measurements of the adiabatic change of temperature, DTAD,
under applied magnetic fields have been done using a magnetocalorimeter (MagEq MMS 801) in a temperature range of
250–350 K, and in magnetic fields up to 1.8 T. The external
magnetic fields were ramped at a rate of up to 2 T/s during
the DTAD measurements.
III. RESULTS AND DISCUSSION

The room temperature X-ray diffraction (XRD) pattern
of Ni50Mn35In14.5B0.5 is shown in Figure 1. At room temperature, the material is in a mixture of austenitic and martensitic phases, where the martensitic phase is in a tetragonal
state. Only the traces of the high temperature austenitic
phase (AP) were present. The XRD patterns from the austenitic phases were characterized by a low intensity of about
15%–22% that of martensitic phase. The XRD pattern is typical for Ni-Mn-In based Heusler alloys in the phase coexistence region exhibiting a MST near room temperature.
The zero-field-cooling (ZFC), field-cooling (FC), and
field-cooled-cooling (FCC) magnetization (M(T) curves in a
magnetic field of 0.01 T are shown in Figure 2(a). Before the
ZFC measurement, the sample was cooled from room temperature to 5 K in a zero magnetic field. In the case of FCC
measurements, the sample was cooled to 5 K in the presence
of a 100 Oe magnetic field. The sample shows a splitting of
the ZFC and FC magnetization curves at low temperature
(T < 170 K). The splitting of the ZFC and FCC M(T) curves,
observed slightly above the blocking temperature (TB), is
evidence of exchange bias phenomena.20 Upon a further
increase in temperature, the sample undergoes a transition at
the Curie temperature of the martensitic phase (TCM), and
the magnetization hits a minimum around T ¼ 255 K. Further
increasing the temperature, the sample passes from a low

FIG. 1. Room temperature XRD pattern for Ni50Mn35In14.5B0.5. The indexes
of (hkl) for the martensitic and austenitic phases are represented by M and
A, respectively.

FIG. 2. (a) ZFC, FC, and FCC temperature-dependent magnetization curves
for Ni50Mn35In14.5B0.5 at H ¼ 0.01 T. The inset shows the ZFC M(T) curves for
Ni50Mn35In14.5B0.5 obtained at H ¼ 5 T. (b) DSC heat flow curves as a function
of temperature measured at a rate of 20 K/min during heating and cooling.

magnetic moment state (antiferromagnetic (AFM) or paramagnetic (PM)) to a ferromagnetic (FM) austenitic state at
the martensitic transition temperature TM ¼ 305 K and from
a FM austenitic phase to a PM austenitic phase at the Curie
temperature, TC ¼ 325 K. The high field (H ¼ 5 T) ZFC M(T)
data are shown in the inset of Figure 2(a). The maximum difference in magnetization, DM, at TM was found to be about
60 emu/g at T ¼ 290 K at H ¼ 5 T. The maximum shift of
temperature DT  14 K was observed for a magnetic field of
5 T which is responsible for the field-induced transition.21
The presence of hysteresis and the jump-like change in magnetization at TM are typical for first order structural (martensitic) transitions observed in these systems. The first-order
MST was also observed in the DSC measurements which are
shown in Figure 2(b). The well-defined endothermic/exothermic peaks, observed during heating/cooling cycles, are
related to the latent heat of the first-order magnetostructural
transition from the low magnetization state to the ferromagnetic structure. The temperature hysteresis of heat flow of
about 18 K between heating and cooling cycles detected
from DSC measurements is consistent with the magnetization results.
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Isothermal magnetization curves M(H) for Ni50Mn35
In14.5B0.5 in the vicinity of the FOT and SOT are shown
in Figure 3(a). The magnetization isotherms were found
to be metamagnetic—like near the martensitic transition
temperature and are characteristic of ferromagneticparamagnetic transitions near the Curie temperature. With
increasing temperature, the critical field of the direct metamagnetic transition decreases. The large hysteresis was
observed at TM (hysteresis loops are represented by arrows
in Figure 3(b)). The observed hysteresis near TM is a signature of a first order transition. Also, the initial susceptibility
(dM/dH) in the low magnetic field region at Figure 3(a) drastically increases with temperature starting at 300 K. The reason for the increase in the low field region is due to the
presence of the ferromagnetic austenitic phase induced by
temperature and magnetic field.
Field-induced entropy changes (DSM) of Ni50Mn35
In14.5B0.5 calculated from the M(H) isotherms (see Figure 3)
are shown in Figure 4. The sample exhibits both inverse and
direct magnetocaloric effects in the vicinity of the
MST (TM ¼ 301.5 K) and Curie temperature (TC ¼ 321.5 K),

FIG. 3. (a) Magnetization isotherms of Ni50Mn35In14.5B0.5 in the vicinity of
TM and TC. (b) The hysteresis loops in the vicinity of the first order transition for Ni50Mn35In14.5B0.5.
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FIG. 4. Magnetic entropy change (DSM) of Ni50Mn35In14.5B0.5 in the vicinity of the FOT and SOT. The inset shows the maximum DSM as a power
function of magnetic field (H2/3) collected at a given temperature (T) in the
vicinity of the FOT and SOT.

respectively. The maximum change in DSM for applied magnetic fields of 5 T and 2 T are DSM (5 T) ¼ 26 J/(kg K) and
DSM (2 T) ¼ 18 J/(kg K) for the MST, and DSM (5 T) ¼ 6 J/
(kg K) and DSM (5 T) ¼ 3 J/(kg K) for the SOT. These values of DSM are comparable to other magnetocaloric materials that undergo martensitic transformations from low
magnetic states to ferromagnetic austenitic phases.22
Another important parameter that is useful to evaluate
the potential of an MCE material is the refrigeration capacity
(RC). Magnetic hysteresis causes thermal losses at the FOT
which reduces the RC. The estimated loss is calculated from
the difference in area of M(H) curves obtained at field application and field removal at three characteristic hysteresis
temperatures (see Figure 3(b)). The net RC is calculated by
subtracting the average hysteretic loss from total RC. The
net RC in the vicinity of FOT and SOT was found to be 90 J/
kg and 170 J/kg for a change of magnetic field 5 T. It should
be noted that the advantage of using materials with a large
MCE at a SOT is the complete reversibility of the magnetization process. These values of RC are comparable to those
of rare-earth-based systems near room temperature.23,24 The
relative cooling power based on the adiabatic temperature
change (RCP) ¼ (DTAD)  (dTFWHM) has also been calculated. The RCP for Ni50Mn35In14.5B0.5 at a magnetic field of
1.8 T at TC and TM are 35 K2 and 11 K2, respectively.
The adiabatic temperature change (DTAD) measurements
were employed to directly assess the magnetocaloric effect.
Although no cracks or crumbling was visible in the sample
after the experiment, the DTAD measurements had been carried out after two field cycles. The results of the direct measurement of DTAD for Ni50Mn35In14.5B0.5 are shown in
Figure 5. Positive and negative changes in the sample temperature were found, as expected, in the presence of external
magnetic fields in the vicinity of the SOT and FOT, respectively. The maximum absolute values of DTAD ¼ 2.6 K and
1.7 K were measured at the MST and SOT for DH ¼ 1.8 T,
respectively. As the FOT and SOT temperature ranges for
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of DTAD and other MCE parameters including DSM, DST,
and RC at lower magnetic fields make these compounds
promising multifunctional material.
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FIG. 5. Adiabatic temperature change (DTAD) as a function of temperature
for Ni50Mn35In14.5B0.5 with DH ¼ 1.8 T. The inset shows the maximum
DTAD as a power function of magnetic field (H2/3) collected at a given temperature (T) in the vicinity of the FOT and SOT.

this compound are not overlapping, ferromagnetic ordering in
the austenitic phase (AP) is complete. Therefore, a larger difference in the magnetic order was observed which resulted in
the larger DTAD. The DTAD observed at the FOT was larger
than that at the SOT. It is important to note that the DTAD is
free of hysteresis at the SOT, and there is no time dependence
of DTAD due to the SOT. Our direct measurements of DTAD
with the rate of changing magnetic field of 0.05–2.0 T/s did
not reveal any time dependence of DTAD at the SOT. This
value of DTAD (jDTAD(max)j ¼ 2.5 K, DH ¼ 1.8 T) observed
at the MST exceeds the DTAD observed for Ni50Mn35In14X
(X ¼ In, Al, and Ge) by more than 20% (Ref. 19) and is larger
than those of the Gd based Heusler alloys.25
From the molecular field theory and Landau’s theory of
phase transitions, both the magnetic entropy change and the
adiabatic temperature change are linear functions of H2/3 in
the vicinity of the SOT.26 DTAD and DSM are plotted as a
power function of magnetic field (H2/3) collected at a given
temperatures in the vicinity of the FOT and SOT in the inset
of Figures 4 and 5, respectively. One can see that both DTAD
and DSM are linear functions of H2/3 in the vicinity of the
SOT, whereas FOT do not obey the H2/3 law due to the discontinuous transition. These observations are consistent with
the theoretical results.
IV. CONCLUSION

In conclusion, we used a magnetocalorimeter to directly
measure the adiabatic temperature changes of Ni50Mn35
In14.5B0.5 near their respective first and second order transitions. The magnetic properties and magnetocaloric effects
have been systematically studied. The largest negative DTAD
was observed to be about 2.6 K at the martensitic transformation for a field change of 1.8 T. This value of DTAD
exceeds the DTAD observed for Ni50Mn35In14X (X ¼ In, Al,
and Ge) and Gd-based Heusler alloys. Thus, the larger values
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